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Abstract 
We report a new chemical vapor synthesis method that exploits random fluctuations in the 
viscous boundary layer between a laminar vapor flow and a surface to yield a not previously 
observed product: radial ferromagnetically filled-carbon-nanotube structures departing from a 
central particle. The filling of the nanotube capillary is continuous over a scale much greater than 
that which can be achieved by conventional CVD.  This is a simple method which does not 
require ultra-fine control of process parameters or highly-engineered reactor components in 
which a single, self-organized, ordered product is formed in randomly fluctuating vapor in the 
boundary layer by vapor-, liquid-, solid-phase self-organization. These fluctuations create the 
thermodynamic conditions for formation of the central particle in the vapor which in turn defines 
the spherically symmetric diffusion gradient that initiates the radial growth. The subsequent 
radial growth is driven by the supply of vapor feedstock by local diffusion gradients created by 
endothermic graphitic carbon formation at the vapor-facing tips of the individual nanotubes and 
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is halted by contact with surface. The radial structures are the dominant product and the reaction 
conditions are self-sustaining. We argue that the method has potential for scalable production of 
metal-carbon nanostructures with other unusual morphologies.  
 
 1. Introduction 
The production of graphite-encapsulated transition metal nanocrystals has a long history of 
investigation owing to the range of applications for single domain, nanoscale magnetic particles 
that are chemically and mechanically protected from the environment. Production has been 
dominated by a variation of the Krätschmer-Huffman evaporation process, which played a 
central role in the production of fullerenes and nanotubes [1], in which metal-carbon species are 
evaporated from transition-metal-containing graphitic electrodes and the desired products –
spherical or faceted graphite-encapsulated nanocrystals – are collected on the chamber walls. 
The collected products, in the form of a 3D web, soot or agglomerations, contain minority 
nanoscale carbonaceous products with spring-like, tubular, fiber, graphitic platelet, or irregular, 
radial structures comprising unfilled carbon nanotubes departing from a central metal particle – 
often referred to as ‘urchins’–  as well as unencapsulated metal nanoparticles [2]. The diversity 
of products results from the dynamic inhomogeneities in the arc plume of evaporated species that 
result in multiple spatial pathways with differing metal-carbon concentrations, thermal histories, 
and length- and time-scales within the arc chamber. The local thermodynamics within a single 
pathway activates a dominant formation mechanism from many simultaneously competing 
mechanisms to yield the nanoscale product at the collection point. The severe temperature 
gradient between the electrodes and reactor walls within the arc chamber drives vapor flow to the 
collection point; this has the advantage of damping of dynamic fluctuations by the resultant 
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diffusion gradients. Thermal fluctuations can be damped by the selection of the inert background 
gas on the basis of heat capacity. However, the arc method inevitably produces multiple 
nanoscale products owing to the inherent dispersion of spatial pathways. 
 
Elliott et al. took the cumulative evidence from arc-produced material to formulate a model 
linking possible formation mechanisms to processing parameters for any vapour-phase process 
that forms nanoparticles in the presence of gaseous carbon [2]. It identified the local-pathway 
carbon-to-metal ratio – it selects which formation mechanisms are active along each pathway 
within the reactor – and the global carbon-to-metal ratio of species – which places bounds upon 
and determines the weighting between different pathways – as the factors that determine the 
distribution of products within the collected, macroscopic product. A low carbon-to-metal ratio is 
synonymous with a high nanoparticle count due to spontaneous formation of particles of a 
critical radius in saturated vapour when the free energy released by bulk formation is sufficient 
to sustain the surface [3]. This study produced a unified product map detailing the range of 
nanoscale structures as a function of nanoparticle count (Fig.3 in Ref. 2).  
 
The formation mechanism descriptions are based on the same vapor-, liquid-, and solid-phase 
chemistry and catalysis at transition metal surface models that underpin mass production 
methods for unfilled carbon nanotubes by catalytic CVD [2, 4-7].  These mechanisms are not 
fully understood and remain controversial but the most widely-accepted general features can be 
stated as follows:  i) there is exothermic catalytic decomposition of hydrocarbons at the surface 
of the transition metal nanoparticles at elevated temperature (the nanoparticle is assumed to be 
fully formed, liquid-state metal- or metal-carbon nanoparticle), ii)  the carbon species dissolve 
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into the metal nanoparticle until the solubility limit at that temperature is reached whereupon iii) 
the carbon precipitates on the surface and exothermically crystallizes into energetically stable 
graphitic carbon, iv) alternatively, a high carbon flux at the nanoparticle surface can also result in 
graphitic shell formation, and iv) the temperature gradient created by the exo- and endo-thermal  
processes beneficially drives the flow of dissolved carbon in the particle as described below.  
 
In view of these features, the formation mechanism-selecting role of the local carbon-to-metal 
ratios of a pathway within a reactor becomes clear, as do the features of the unified product map.  
A low value will result in a high metal nanoparticle count and consequently rapid consumption 
of carbon feedstock from the vapour driven by the inward, radial diffusion gradient created by 
the dissolution of carbon species in individual nanoparticles. The temperature gradient created by 
the exothermic shell-formation process drives the flow of carbon within the particle to the 
surface where it graphitizes. The most likely product is, therefore, a metal nanocrystal 
encapsulated in a graphitic shell. The diameter of the encapsulated nanoparticle is fixed by the 
critical radius for spontaneous particle formation, the subsequent growth due to exposure to 
vapor and the diameter at saturation [2]. The growth of the particle is, therefore, ‘switched off’ 
by elimination of the temperature gradient within the particle by either cessation of graphitic 
shell formation by consumption of all internal carbon, or thermal equilibrization with the vapour 
or contact with an cold surface. 
 
A higher carbon-to-metal ratio, on the other hand, favours lower-energy nanotube nucleation and 
growth from fewer nanoparticles; here the temperature gradient is created by the exothermal 
catalytic decomposition at the vapor-facing nanoparticle surface and the exothermic graphitic 
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carbon formation at the circumference, carbon feedstock is driven through the nanoparticle to the 
forming nanotube by the subsequent diffusion gradient. The nanotube diameter is fixed by the 
lowest energy configuration for the cylindrical graphitic tube for a given nanoparticle diameter 
and the length is determined by the duration of exposure to a constant vapour supply (the so 
called residence time) or by contact with a cold surface. 
 
The highest carbon-to-metal regime of the unified product map is the realm of the urchin, spring-
like, and platelet products. The irregularity of the urchin structures observed in the arc-produced 
material suggests nanotube nucleation on the surface of a nanoparticle of larger diameter than 
those of the radiating nanotubes and nanotube growth in a non-spherical diffusion gradient for 
carbon species. The difficulty of achieving the latter by arc production is the reason why urchins 
are a minority product by this method. The arc-produced spring-like, and platelet nanoscale 
products are most likely to be the result of growth from a solid-phase, faceted nanoparticle as 
achieved by CVD using preformed nanoparticles so are most likely to be the products of the 
pathways with the thermal profile for the solidification of liquid nanoparticles [8].  
 
CVD and aerosol methods have the advantage of local pathway control by streamlining reactor 
design and careful selection and control of process parameters; these methods have, therefore, 
largely replaced arc-production as the dominant approach to guaranteeing single reaction 
products [6,7].  
 
The quest for radial carbon nanostructures has been driven by potential application as nanofillers 
for polymer-based nanocomposite materials since the large surface area is predicted to 
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dramatically enhance mechanical properties [9]. Previously observed carbon nanotube urchins 
comprise irregular, unfilled nanotubes centered on metal nanoparticles in the minority products 
of arc-discharge or PECVD reactors [10,11] or were intentionally formed by exposure of 
preformed particles of zeolite, nanodiamond, or other particles to hydrocarbon vapor at elevated 
temperature in a CVD process  [12-16].  Metal nanoparticle-centered unfilled radial carbon 
nanotube growth has been achieved by an aerosol method which uses multiple precursor gasses, 
laminar flows, and a multiple temperature-zone reactor to sequentially achieve central-particle 
formation and radial growth [17].  Although two reports remark on partial filling of small 
numbers of individual nanotubes in urchin structures, there have been no previous reports of 
macroscopic quantities of radial filled-carbon-nanotube structures [10,11]. 
 
Multiwall carbon nanotubes filled with nanocrystals of the elemental phases, alloys, or carbides 
of transition metals are conventionally produced in steady-state conditions by flowing the 
products of metallocene (M(C5H5)2, where M is a transition metal) decomposition over smooth, 
inert surfaces at elevated temperature in the isothermal reaction zone of a horizontal CVD reactor 
[18-40]. The decomposed metallocene vapor contains transition metal, hydrocarbon, and 
hydrogen species (Fe(C5H5)2→Fe+ H2 + CH4 + C5H6+…, [18]) that react on the surface to form 
the nucleating metal particles from which the nanotube and nanocrystalline filling 
simultaneously grow perpendicular to the substrate in closely packed vertical arrays.  As with all 
conventional CVD methods, the local vapor pathway is defined by the spatial extent of the 
steady-state concentration gradient that is established perpendicular to the surface as the growing 
array consumes species from the vapor (chemical equilibrium); the lateral vapor velocity at the 
surface is zero [3]. The local carbon-to-metal ratio is, therefore, determined by the relative rates 
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of diffusion of the species in this concentration gradient. The global vapor pathway is defined as 
that with finite lateral vapor velocity many diffusion lengths away from the growing array.  In 
steady-state vapor flow, the global carbon-to-metal ratio is ultimately defined by that of the 
individual metallocene molecule hence the method produces a single nanoscale product. The 
lateral velocity in the global flow determines the rate of supply of species to the diffusion 
gradient and hence the rate of growth of the array which in turn fixes the spatial extent of the 
diffusion gradient. In this way the global flow places bounds on the local pathway in accordance 
with the conclusions that underpin the unified product map outlined above.  
 
This conventional CVD approach profoundly differs from the arc and aerosol methodologies in 
that the nucleation is on a liquid metal particle made non-spherical by wetting of the surface 
(heterogeneous nucleation) consequently the energetics of formation are very different from 
particle formation in vapor (homogeneous nucleation) [3]. The role of the surface is, therefore, to 
provide a constant wetting angle through smoothness on the scale of the nanoscale product and 
inert, invariant surface chemistry over the desired area. A consequence of the array being in 
contact with a surface (the reactor wall) is that the array will grow in the natural thermal gradient 
between the wall and the center of the reactor whereas in arc and aerosol reactors thermophoresis 
causes migration within this gradient. The aspects of the formation mechanism for which there is 
a general agreement are sequentially: i) decomposition of the hydrocarbons by the nucleating 
metal particle is followed by dissolution of carbon in the nanoparticle and nucleation of a 
nanotube at saturation, ii) metal and carbon species in the vapor feed the vertical growth of both 
the nanotube and the filling from the base or the open tip (or both) of the nanotube, and iii) the 
multiple nanotube walls are created by outward diffusion of carbon from the central capillary. 
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Since the structures grow in the natural temperature gradient of the reactor, the role of the exo- 
and endo-thermic processes is not clear. 
 
The magnetic response of these hybrid structures is dominated by that of the ferromagnetic 
filling since the graphitic carbon of the nanotube walls is weakly diamagnetic [41]. There are 
numerous potential applications owing to the ability to tune the magnetic response through the 
composition and shape anisotropy of the filling [42-44]: magnetic storage media [45], drug 
delivery systems, nanoscale containers for biomedical diagnosis, therapy, and monitoring [46], 
nanoscale inductors [47], probes for magnetic force microscopy [48], nanocomposite magnetic 
filler particles [49], buckypaper [50], and microwave absorption materials [51, 52]. Other 
applications exploit the torque on the structures when placed in a constant magnetic field [53], or 
the oscillatory motion when placed in a time-varying magnetic field [54].  
 
The main barrier to realising these applications is the poor nanocrystal length and continuity 
control achievable with existing synthesis methods, particularly when the nanotube length is 
greater than several micrometres. Steady-state CVD conditions are employed to guarantee 
nanowire continuity but result in discontinuous filling with isolated nanocrystals of length less 
than one-micrometre [18-40].   We speculate that specifically local pathway carbon-to-metal 
ratio fluctuation, that is perturbation of the vertical diffusion gradient by uneven growth in the 
array, is the cause of nanocrystal discontinuity since other fluctuations (global pathway, global 
carbon-metal ratio, thermal), as argued above, are relatively stable. 
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Here we report a new chemical vapor synthesis method that seeks to exploit rather than eliminate 
local pathway fluctuations to yield a not previously observed structures, ferromagetically filled-
carbon-nanotube urchins, as the dominant reaction product where both the central particle 
formation and radial filled-carbon-nanotube growth occur spontaneously in randomly fluctuating 
vapor in the viscous boundary layer between a rough surface and the laminar vapor flow in a 
conventional horizontal CVD reactor. The vapor flow on the scale of the roughness is dominated 
by viscous forces which result in non-zero lateral vapor velocity at the tips of salient features and 
randomly fluctuating eddies [55].  Surface roughening can also profoundly influence the heat 
transfer to the vapor and contribute to thermal fluctuation within a local pathway [56]. 
 
This is a simple, scalable method which does not require ultra-fine control of process parameters 
or any highly-engineered reactor components. The role of the rough surface is to intentionally 
induce a local region of randomly fluctuating vapor close to the laminar flow to create the 
conditions for both the nucleation of a central particle and subsequent growth.  
 
 We later propose a growth mechanism and argue that the method has great potential for 
production of carbon nanostructures with other morphologies. 
 
 
 
 
2. Experimental 
10 
 
2.1 Synthesis  
A steady-state global vapor pathway was created by flowing the products of the thermal 
decomposition of ferrocene (Fe(C5H5)2) in a horizontal CVD reactor. The source vapor was 
produced by sublimation of 60 mg of ferrocene powder  using a coil preheater and carried in a 
laminar argon flow within a quartz tube (length: 2 m, outer diameter: 22 mm, inner diameter: 18 
mm, wall thickness: 2 mm) at atmospheric pressure inside a one-zone electrical furnace with an 
isothermal reaction zone at 990 °C. The maximum temperature of the preheater was 180 °C.  The 
duration of the reaction was 4.5 minutes. The reactor was cooled to room temperature at the 
natural rate of the furnace. The reaction product was the expected close-packed vertical arrays of 
iron-filled multiwall-carbon-nanotubes on smooth quartz surfaces.  
 
However, under identical conditions, the introduction of a rough quartz surfaces yielded thick 
deposits comprising ensembles of individual urchins, Figs.1, 2. The surfaces were prepared by 
roughening a quartz substrate using a conventional diamond cutting tool to produce multi-scale 
roughness with a peak-to-valley distance of ~100 µm. Optimum results were achieved with an 
argon flow rate of 3 - 20 ccm. The average Reynolds number for the ferrocene vapor flow was 
estimated to be Re=2-4; well within the range for laminar flow, Re<2000 [56]. The deposition 
area was ~1 cm2 and the outcome was reproduced many tens of times. Vertical-to-radial growth 
regions were observed at smooth- rough quartz substrate boundaries, inset Fig.2. 
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Fig.1: A scanning electron micrograph of an urchin comprising radial filled multiwall-carbon- 
nanotubes departing from a central particle. 
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Fig.2: A scanning electron micrograph of the thick deposit of urchins on the rough quartz 
surface. The inset shows a distinct vertical-to-radial growth region at smooth-rough quartz 
substrate boundary: the upper-right region is the top view of a vertical array of filled multiwall-
carbon-nanotube grown perpendicular to the smooth quartz surface, and the lower-left is that of 
layers of free-standing urchins on rough quartz surface. 
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2.2 Structural characterization  
 
X-Ray diffraction analyses were performed with a Siemens D5000 diffractometer and with an 
Xpert-Pro diffractometer (both with Cu Kα source). The Rietveld refinement method, which uses 
the least-squares approach to match a theoretical line profile to the diffractogram, was used to 
identify and estimate the relative abundances of the phases from the area enclosed by the 
diffraction peaks. Scanning electron microscopy investigations were performed using an FEI 
Inspect F system. Transmission electron microscopy (TEM) and selective area electron 
diffraction (SAED) were performed using a 200 kV Jeol Jem 2010. The TEM samples were 
prepared by transferring the urchins to carbon-coated copper grids. The lattice spacings extracted 
from the SAED analyses have an accuracy of ±0.01 nm. The magnetic measurements of the 
powder containing the urchins were performed at 5 K with a MPMS-7 squid magnetometer 
(Quantum Design). 
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3. Results and discussion  
 
The average diameter of the urchins was ~13 µm.  The thickness of the deposit was many times 
the diameter of an individual urchin. The deposit was easily mechanically or magnetically 
removed and readily dispersed in alcohol. The ease of removal of the deposits suggests weak 
adhesion to the rough quartz surface, weak inter-structural forces, and no covalent cross-linking.  
Consideration of the spherical symmetry of the both the central particles and the complete 
individual urchins, and the above observations, strongly point to the following conclusions:           
i) the complete structure was spontaneously nucleated and formed in the boundary layer region, 
ii) the urchin growth is ‘switched off’ by contact with the surface or underlying urchin deposit, 
and iii) the vapor fluctuation created by an urchin deposit on the roughened surface is 
comparable to that of the original rough surface; the reaction conditions are self-sustaining and, 
therefore,  scalable. 
 
Electron microscopy revealed the complex structure of the urchin, Fig.3-5. Analysis of fifty 
central particles revealed the majority had diameter 1.5±0.3 µm; the minimum and maximum 
observed diameters were 0.4 and 3 µm, respectively. The central particle – the point of departure 
for the radial filled nanotubes – is an agglomeration of approximately spherical nanoparticles of 
100-150 nm diameter comprising graphite-encapsulated Fe3C nanocrystals with an inter-
graphitic-shell spacing of 0.33 nm, Figs. 4(B), 5. According to the unified product map, such 
structures are produced by the widest range of process parameters; and have previously been 
produced by both steady-state and explosive syntheses [57, 58]. 
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Fig. 3: Transmission electron micrograph of an urchin. The central particle has a diameter of 
~1µm. 
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Fig.4: A transmission electron micrographs of: (A) a typical urchin showing the ~ 1μm diameter 
central particle and the departing filled multiwall-carbon-nanotubes. The encapsulated crystalline 
nanocrystal contrasts with the nanotube walls; and (B) a small central particle composed of an 
agglomeration of approximately spherical coated nanoparticles. 
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Fig.5: Transmission electron micrograph of small particles (~100 nm) observed in the central 
particle of a small urchin. Inset: selective area diffraction pattern obtained from one of the 
spherical particles.  The orange circles indicate a lattice spacing of 0.25 nm corresponding to the 
(200) plane of Fe3C with space group Pnma. The blue circles indicate a lattice spacing of 0.11 
nm corresponding to the (303) plane of Fe3C with space group Pnma. The green circles indicate 
the spots corresponding to the (002) lattice planes of graphite with spacing 0.33 nm.  
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The radial multiwall-carbon-nanotubes encapsulate nanocrystals with a high degree of 
continuous filling, Fig. 6. The synthesis routes for vertical structures reported in the literature 
generally use steady-state conditions to guarantee nanowire continuity but result in less than 1 
µm nanowire lengths [18-40].   In contrast the encapsulated nanowires in the radial structures are 
continuous for at least 9 µm, Fig.6. 
 
The nanotube inter-wall spacing was that typical for graphitic nanostructures, 0.34 nm, Figs. 7-9.  
The difference between the directly observed inter-graphitic-layer spacing of the spherical 
graphite-encapsulated Fe3C nanocrystals and the nanotube walls (0.33 nm and 0.34 nm, 
respectively) was manifest as two proximate peaks in X-ray diffractograms, Fig. 10. 
 
The main encapsulated phases were identified as those commonly observed in the vertical arrays, 
namely α-Fe, and γ-Fe, and Fe3C, Figs. 8, 9 [18-40]. Unlike the vertical array structures, the 
radial structures have a very low abundance of Fe3C; the iron carbide content diminishes with 
increasing vapour flow rates used in the reaction. With a vapor flow rate of 20 ccm there was 
essentially no γ-Fe present, Fig. 9. 
 
The demarcation between the central particle formation and the onset of growth of the radial 
filled nanotubes (that is, the urchin) is likely to be the result of the asymmetry in exposure to the 
vapor [59]. That is, the rapid formation of the central particle means that the partially formed 
spherical particles on the exterior of the central particle are exposed to vapor feedstock flow 
driven by the diffusion gradient directed toward the central particle.  
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Fig.6: The A-F sequence of transmission electron micrographs follows a single radial filled 
multiwall-carbon-nanotube; the filling is continuous for ~9µm. The swelling feature in 
micrograph F is due to electron beam damage that resulted from the long exposure time needed 
to complete the sequence. 
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Fig.7: A typical selective area diffraction pattern obtained from a multiwall-carbon-nanotube 
encapsulated nanocrystal. The pale blue circles correspond to the (310) lattice planes (lattice 
spacing 0.09 nm) of α-Fe cubic (Im-3m, Crystal Open Database Ref. 1100108), while the violet 
circles correspond to the (211) lattice planes (lattice spacing 0.12 nm) of α-Fe cubic (Im-3m, 
Crystal Open Database Ref. 1100108). The yellow circles correspond to the (002) lattice planes 
of graphite (P63/mmc), lattice spacing 0.34 nm (ICSD Chemical Database Ref. 53781). 
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Fig.8: Typical X-ray diffractogram data (red), and Rietveld refinement (green line) for urchin 
powder obtained with an vapor flow rate of 3.5 ccm. Arrows denote the crystal planes attributed 
to each intensity peak. The relative weight abundance of the encapsulated phases are 3% cubic γ-
Fe (Fm-3m, Crystal Open Database Ref. 9008469), and 12% of cubic α-Fe (Im-3m, Crystal 
Open Database Ref. 1100108) and 18 % of orthorhombic Fe3C (Crystal Open Database Ref. 
Pnma 16593). A 17% weight abundance of Fe3O4 (cubic, space group FD3-MZ) results from 
spontaneous oxidation of non-encapsulated iron particles when the powder is handled in air. 
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Fig.9: Typical X-ray diffractogram data (red), and Rietveld refinement (green line) for powder 
comprising urchins obtained with a vapor flow-rate of 20 ccm. Arrows denote the crystal planes 
attributed to each intensity peak. The relative weight abundance of the phases are 2% cubic γ-Fe 
(Fm-3m, Crystal Open Database Ref. 9008469), and 28% of cubic α-Fe (Im-3m, Crystal Open 
Database Ref. 1100108). A 26% weight abundance of Fe3O4 (cubic, space group FD3-MZ) 
results from spontaneous oxidation of non-encapsulated iron particles when the powder is 
handled in air. 
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Fig.10: Typical X-ray diffractogram data (red), and Rietveld refinement (green line), of the 002 
graphitic carbon reflection obtained from a powder comprising filled nanotube material grown 
on a smooth quartz surface (A) and from urchin powder prepared under identical reaction 
conditions (B).  Clearly (B) shows two proximate peaks; the lower angle peak (1) corresponds to 
the 002 reflection from multiwall carbon nanotube walls observed in (A). This feature 
corresponds to the 0.34 nm lattice spacing directly observed in selective area diffraction studies 
of individual filled nanotube (Fig. 7), namely the 002 reflection from graphite space group 
P63/mmc (ICSD Chemical Database Ref. 53781). The second graphitic peak (2) corresponds to 
the lattice spacing of 0.33 nm (002 peak of graphite hexagonal P63/mmc, ICSD Chemical 
Database 52230) of the graphitic shell of the spherical particles as observed in the selective area 
diffraction pattern in Fig.5 (inset). 
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The field dependence of dc magnetization of as-produced urchin powder exhibited ferromagnetic 
hysteresis; at 5 K the saturation magnetization, Ms, showed a dependence on the vapor flow rate, 
with Ms(3.5 ccm) = 31 emu/g and Ms(20 ccm) = 13 emu/g, whereas the coercivity is  almost 
constant: Hc(3.5 ccm)= 790 Oe, and Hc(20 ccm)= 843 Oe, Fig.11.  
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Fig.11: The field dependence of dc magnetization at T=5 K of as-produced urchin powder for 
two values of the laminar vapor flow rate. The relative weight abundance for the powder 
produced with a flow rate of 3.5 ccm was 3% γ-Fe, 12% α-Fe, 18% Fe3C, 17% Fe3O4, and 50% 
C (see Fig.8). The relative weight abundance for the powder produced with a flow rate of 20 ccm 
was 2% γ-Fe, 28% α-Fe, 26% Fe3O4, and 44% C (see Fig.9). 
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The relative weight abundance of the components found in the as-produced powder was 
extracted from the Reitveld analysis of the X-ray diffractograms, Fig. 8, 9. The γ-Fe contribution 
to the saturation magnetisation was then estimated by subtracting  the weighted average of the 
saturation magnetization of bulk α-Fe (Ms~220 emu/g; Curie temperature, Tc= 1043 K), Fe3C 
(Ms~169 emu/g, Tc= 483 K) [60, 61], Fe3O4 (Ms=92-100 emu/g, Tc= 850 K) [62], and the 
diamagnetic behavior of graphitic carbon (M=−0.7 emu/g at 50 kOe) [41]. This quantity was 
found to be always negative thus indicating an exchange-coupled ferromagnetic system despite 
only a small fraction of γ-Fe (the antiferromagnetic component): this conclusion agrees with that 
of Karmakar et al. for randomly oriented mainly α-Fe-filled carbon nanotubes with similarly low 
γ-Fe content (1%) [35]. The measured value of Ms (300 K)=28 emu/g  was also comparable with 
that reported for randomly oriented vertical structures by Karmaker et al. (34 emu/g) [35]. The 
origin of the exchange coupling in γ-Fe/α-Fe-filled carbon nanotube systems has been the 
subject of much debate; interpretation of the data is difficult owing to the sample morphology 
and differing spatial distributions of the phases [27, 35, 63]. Moreover, theory predicts that γ-Fe 
can be antiferromagnetic, ferromagnetic, or nonmagnetic depending on lattice parameters or 
cluster-size [64].  
 
We propose an urchin formation mechanism that accounts for the similarities to and differences 
from the vertical structures, Fig. 12. The similarity of encapsulated phases is a strong indication 
that local- and global-pathway carbon-to-metal ratios are similar. The latter is not surprising 
since, as stated previously, it is ultimately fixed by the composition of the decomposed molecule.  
The differences are remarkable: urchin morphology; homogeneous nucleation on an unusual 
central agglomeration, greater nanocrystal continuity; the carbon content varies with vapor flow 
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rate; the vapor flow rate is low relative to those used for vertical structure growth; urchin 
diameter uniformity; and self-sustaining formation conditions. The first conclusion that can be 
drawn is that thermodynamic fluctuations in the boundary layer are what produce the 
homogenous nucleation of the spherical graphite-encapsulated Fe3C nanocrystals of the central 
agglomeration. All other aspects of urchin formation follow from this conclusion, Fig. 12. The 
defining features of the proposed mechanism are that all the diffusion gradients are spherically 
symmetric and the filled-carbon-nanotube growth is via a vapor feedstock supply to the open tips 
which is unimpeded by a near neighbor (in contrast with close-packed vertical structure 
formation) – this model is analogous to the instability points at the sharp features of a central ice 
crystal from which radial growth occurs due to unimpeded energy dissipation during snowflake 
formation. This tip growth must involve a temperature gradient exactly at the tip due to the 
endothermic nanotube formation since, unlike the vertical structures, not all of the urchin 
nanotubes grow in the natural temperature gradient of the reactor. This temperature gradient will 
also drive the carbon flow along the axis of the encapsulated nanocrystal toward the tip.  These 
features account for the morphology, high degree of nanocrystal filling, and low vapor flow rate 
requirement (high flow rates will produce diffusion gradient asymmetries). The self-replication 
reaction conditions arise from the comparable conditions at the laminar-viscous boundary as 
fully formed urchins accumulate on the surface. This model suggests that the migration time 
increases with increasing vapor flow rate, since vapor velocities are higher at the laminar-viscous 
boundary, so the carbon content of the encapsulated nanocrystals will decrease with flow rate 
owing to the longer lifetime of the temperature gradient at the nanotube tips; this is in agreement 
with the observations described above. 
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Fig. 12. A schematic diagram of the proposed three-stage urchin formation mechanism in 
fluctuating metal-carbon vapor. Yellow shading implies high iron content; solid black lines and 
dark shading represent graphitic carbon and the carbon-richness of a nanoparticle respectively. 
The dashed lines represent the volume of vapor within several diffusion lengths (for the metal-
carbon species in the vapor) from the active area of formation.  A: (i) The graphite-encapsulated 
Fe3C particles spontaneously form by homogeneous nucleation of Fe or Fe-C particles in the 
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vapor, (ii) carbon feedstock is driven to particle by the resultant diffusion gradient and dissolves 
in the particle, (iii) graphitic carbon shells form when the rate of arrival of the carbon feedstock 
exceeds the rate of dissolution, (iv) flow of internal carbon is driven to the surface by the 
endothermic formation of the graphitic shells but is ceases when the stable Fe3C nanocrystal 
composition is reached. B: These spherical structures spontaneously agglomerate; the central 
particles are encapsulated (stage A (iii)) whereas the peripheral particles have no graphitic shell 
(stage A (i)). The spherical diffusion gradient created by the agglomeration results in an 
asymmetry in the vapor feedstock for the peripheral particles which results in elongation. C: The 
lowest energy stable graphitic carbon structure for the elongated peripheral particles is a carbon 
nanotube. The central-particle-facing face of the elongated peripheral particles is rapidly closed 
by graphitic shell formation consequently the radial growth of the filled nanotubes is driven by 
the diffusion gradient established at the open tip. This diffusion gradient must be partially driven 
by a temperature gradient because, unlike the vertical structures, not all of the radial nanotubes 
are growing in the natural temperature gradient of the reactor. D: Self-sustaining reaction 
conditions can be explained as follows. (i) A rough surface produces randomly fluctuating vapor 
in the boundary layer between the rough surface and the global laminar flow. (ii) The diameter 
uniformity of the central particle and urchin suggests that nucleation occurs at the laminar-
viscous interface since this is the realm of weak fluctuations and uniform feedstock supply from 
the global flow; after nucleation, the spherically symmetric diffusion gradients define the local 
feedstock supply to the nanotubes which serve to damp the local fluctuations in the boundary 
layer, subsequent urchin formation in the boundary layer is therefore uniform. Attractive forces 
on the urchin due to the proximity of the rough surface are greater than the thermophoretic forces 
so the structure migrates to the rough surface. The period of migration therefore dictates the 
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diameter of the urchin. Once in contact with the surface the formation process will cease because 
the isothermal surface will equilibrate the temperature gradients at the tips. The roughness of the 
urchin coating of the surface replicates that of the pristine rough surface, consequently the 
conditions for nucleation and the laminar-viscous boundary are reproduced. 
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This method of synthesis therefore exploits thermodynamic fluctuation in a local pathway. One 
of the principal advances in the understanding of non-equilibrium thermodynamic systems is that 
the onset of self-organization is dictated by the behavior of fluctuations: order is propagated by 
amplification of these fluctuations through a feedback mechanism involving interaction with the 
global environment [65]. We have shown that the nucleation and subsequent growth of the radial 
structure results from fluctuation-amplification by exchange of vapor feedstock and thermal 
energy with the environment.  From the thermodynamic point of view, the success of the method 
results from the magnitude of the thermodynamic fluctuation. If near-to-equilibrium conditions 
are established then the dynamics and rates of chemical reaction remain linear and the reaction 
products resemble those produced in equilibrium conditions [65]. However, far-from-equilibrium 
conditions are characterized by non-linearity in most aspects of reaction-diffusion system 
behavior; therefore, the reaction product will be unpredictable [66]. The logic of these arguments 
is that the laminar-viscous interface could be the source of ordered and unusual nanoscale 
reaction products.  
 
The outstanding feature of boundary layer chemical vapor synthesis that distinguishes it from 
arc, CVD, or aerosol methods is that random fluctuation in local pathways results in a single self-
organized, spherically symmetric product dominating the reactor.  This is a simple, scalable 
method which does not require ultra-fine control of process parameters or any highly-engineered 
reactor components. Since the most significant global variable, the carbon-to-metal ratio, can be 
changed by selection of the molecular species or using multiple carbon-metal sources (as done in 
the conventional CVD) we can be optimistic that the method can be used to synthesize the other 
unusual nanoscale structures from the unified product map. None of the processes that underpin 
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the self-organization is unique to carbon-metal systems therefore there is no fundamental reason 
why the method cannot be used to produce nanoscale structures that self-organize by a vapor-, 
liquid-, solid-phase process  from other vapor systems. The task for the experimenter is to 
identify the optimal conditions at the laminar-viscous boundary for the desired product 
formation.  
 
These ferromagnetically filled-carbon-nanotube urchins have potential for applications which 
exploit the high surface area and the high volume fraction of ferromagnetic material of an 
individual urchin, for example as magnetic nanocomposite fillers, microwave absorbing 
materials, and magnetic particles for magnetorheological fluids. The structures could have 
promise for magnetic hyperthermia applications since the urchin morphology guarantees 
ferromagnetic nanowire alignment with an external magnetic field in any direction [67]. 
 
4. Conclusion 
Radial growth of self-organized filled-carbon-nanotubes was achieved for the first time by new 
chemical vapor synthesis method based on self-organization at the interface between a viscous 
boundary layer and a laminar vapor flow. The method is simple, scalable and does not require 
ultra-fine control of process parameters or any highly-engineered reactor components. The radial 
structures comprise multiwall carbon nanotubes, encapsulating >9 µm-long nanocrystals of α-Fe 
and γ-Fe phases, departing from a central particle comprising an agglomeration of spherical 
graphite-encapsulated Fe3C nanocrystals. We propose a formation mechanism which is based on 
experimental observations for both the radial structures and the equivalent vertical structures that 
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form on smooth surfaces under identical conditions.  We argue that the laminar-viscous vapour 
flow boundary is very conducive to the self-organized formation of metal-carbon nanostructures. 
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